Introduction
Leptospirosis is a disease caused by pathogenic bacteria of the Leptospira genus, affecting both humans and animals 1 . Leptospirosis is one of the most common zoonoses worldwide, although it affects tropical countries most often 2 . The infection is usually transmitted to humans via water contaminated by animal urine that comes in direct contact with cutaneous lesions, the eyes or mucous membranes. Leptospirosis was a predominantly rural occupational risk until major urbanization occurred during the 20th century. Transmission risk is associated with climate, natural disasters, poverty and marginality 3 .
In Colombia, leptospirosis has been analyzed mainly from an animal health perspective, as it is prevalent in canines 4, 5, 6 , bovines 7, 8 , pigs 9 and primates 10, 11 . A prevalence of over 90% in Rattus rattus, Rattus norvegicus and Mus musculus has also been documented 12, 13 . However, in humans, some studies have reported seroprevalences ranging from 6% to 27.7% 14 , and the circulation of 17 serovars has been recorded in the country 15, 16 .
Since 2007, mandatory notification of human leptospirosis has been implemented by the Colombian National Surveillance System (SIVIGILA); subsequently, an increase in cases related to rainy and flood seasons has been observed in recent years 17 . The annual incidence of the disease in Colombia has been estimated to be 1.6 cases per 1,000,000 inhabitants 18 . However, in 2010, an incidence of 2.9 cases per 100,000 inhabitants was reported 15 . In 2012, the incidence was 2.2, with 25 confirmed deaths, for a 0.5 per 1,000,000 inhabitants mortality and 2.4% lethality 19 .
The ecology of human leptospirosis involves a complex interaction among Leptospira, reservoir animals, humans and the environment where they coexist. Human leptospirosis is associated with overpopulation, poor sanitation and inadequate health systems in urban areas of developing countries, whereas in developed countries, where infections are currently rising in number, it is associated with outdoor recreational activities 20 . However, in rural areas, transmission is associated with crop and livestock activities, and transmission risk increases during warm and rainy periods 20 . In urban areas, inadequate basic sanitation conditions enabled environments conducive to rodent-associated transmission. Other mammals, such as shrews, porcupines, domestic animals, as well as reptiles and amphibians 21 , are also considered infection sources for humans.
In Rio de Janeiro, Brazil, human leptospirosis cases are associated with heavy flooding occurring 3 to 20 days before the onset of the disease 22 . The 1 to 2 months latency period between heavy rains and cases reported on the island of Réunion in the Indian Ocean is also consistent with the survival time of the pathogen in flooded areas and a 1 to 3 weeks period of human leptospirosis incubation 23 .
This study aimed to evaluate the relationships between a set of environmental and socioeconomic variables and human leptospirosis cases that occurred in Colombia from 2007 to 2016, at municipal level.
Methods

Study site
Colombia is located in the north-west region of South America between 4º south latitude and 12º north latitude and between 67º and 79º west longitude. The continental surface of the country is 1,141,748km 2 . The Colombian territory presents a central mountainous system composed of three Andean mountain ranges, countryside and coastal plains and Inter-Andean valleys. Given its equatorial location Colombia's climate is tropical, i.e., hot and humid; its complex geography presents a variety of climate conditions, from warm at sea level to perpetual snow at 5,500 meters heights. Climatic conditions are influenced by the equatorial confluence zone that determines a bimodal regime across most of the territory. The wettest months are March-April and October-November, with dry seasons in January-February and July-August 24 . Administratively, the country has 1,122 municipalities grouped into 33 departments.
The territory of Colombia is divided into five natural regions: Amazon, Andean, Caribbean, Orinoquia and Pacific. The Amazon and Orinoquia regions account for almost half of the Colombian territory but have the lowest population densities. The Amazon region is characterized by a jungle landscape, while Orinoquia has wet savannas. Most of the country's municipalities are in the Andean region (645), which is the most densely populated region in the country. Geographically, this region dominated by steep slopes and valleys of the Magdalena and Cauca rivers. The Caribbean region corresponds to the northern plains area of the country. The Pacific region is characterized by the mountains of the Western Cordillera and the valleys of rivers that flow into the Pacific Ocean.
Case definition and data collection
Human leptospirosis case information was obtained from SIVIGILA and corresponded to the period from January 2007 to December 2016 and for all municipalities in the country. The operative definition of a suspected case within the surveillance system was "a patient who has fever and headache associated with one These suspected cases were confirmed by one of the following laboratory criteria: (a) positive IgM antibody by ELISA screening; (b) seroconversion in paired samples by microagglutination (MAT); (c) MAT titers greater than 1:400; (d) isolation of Leptospira spp. in blood, urine or cerebrospinal fluid culture; and (e) DNA detection by polymerase chain reaction (PCR). In addition, cases were confirmed by nexus when there was no sample by making associations between patient, time and place, or by considering an exposure to the same source of infection identified for confirmed cases. The latter was rare (≥ 1% of cases) 19 .
Environmental variables
The environmental variables analyzed were obtained from maps provided by the Geographic Institute Agustín Codazzi (IGAC) and the Colombian Institute of Hydrology, Meteorology and Environmental Studies (IDEAM). These maps were of soil cover, climate, height above sea level, deforested areas from 2005 to 2016, temperature, precipitation and areas susceptible to flooding. The maps were processed and analyzed using the ArcGIS 10.2 software (http://www.esri.com/software/arcgis/index.html) to obtain the set of environmental data needed for analysis. For each municipality, the proportion of land with each type of soil cover and type of climate was calculated, as was the proportion of land that was deforested between 2005 and 2016 and the proportion of land susceptible to flooding. Regarding height above sea level, mean, maximum and minimum height of each municipality were calculated. For temperature and precipitation, mean, maximum and minimum values were calculated for each municipality (Table 1) .
Socioeconomic variables
For the socioeconomic characterization of the municipalities in the study area, the variables used by the Colombian National Planning Department (DNP) for the study of municipal typology and territorial gaps 25 were used. The DNP grouped variables into six dimensions for the municipal typology and these were incorporated into this analysis: urban functionality, economic dynamics, quality of life, security and institutional. The environmental dimension from the DNP was not included, since other sources of information were used for these variables (IDEAM and IGAC). Data on the corresponding socioeconomic variables was compiled by the DNP using reference information from institutions such as the Colombian National Administrative Department of Statistics (DANE), IGAC, Ministry
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Variables
Spatial analysis
Hotspot analysis was calculated by implementing the Getis-Ord Gi method. This method works by analyzing each municipal incidence rate within the context of neighboring incidence rates. A municipal incidence rate with a high value, while interesting, may not be a statistically significant hotspot. For a hotspot to be statistically significant, a municipal incidence rate must present a high value and be surrounded by other municipal incidence rates with high values. The local sum for a municipal incidence rate and its neighbors was proportionally compared to the sum of all incidence rates; when the local sum was much different from the expected local sum, and when such difference was too large to be the result of random chance. The method configured spatial relationships by contiguity and Euclidean distance estimations considering p < 0.01. The Getis-Ord Gi method was implemented using the ArcGIS 10.2 software.
Statistical analysis
Considering that there was a single measurement for the socioeconomic and environmental variables, a decadal incidence coefficient for each municipality was calculated using cases that occurred over the decade as the numerator, and the estimated 2016 population of the municipality as the denominator, assuming that the population level of the municipality was stable over the decade. Following, to identify the municipalities with the highest decadal incidence coefficient, an empirical Bayes smoothing (EBS) was implemented to correct the instability of the variance of the incidence coefficient. EBS decennial incidence coefficient was estimated for all municipalities in Colombia for the 2007-2016 period. The EBS routine in GeoDa 1.8 (https://spatial.uchicago.edu/software) was used 26 . The map with cases and decennial incidence coefficient was displayed using natural brakes in ArcGIS 10.2. The incidence rate ratio (IRR) was calculated using a univariate negative binomial regression. The outcome was the decadal incidence, the independent variable was each socioeconomic and environmental factor, and the exposure was the mean municipality population during the studied period. A correlation matrix was constructed with those variables, considering p < 0.20 in the univariate analysis. Variables with a correlation > 0.30 were probed in a bivariate negative binomial regression, and the associated variable or the variable with the lowest Z value was included in the saturated model. Following, a multiple negative binomial regression model was estimated using manual backward stepwise elimination. Each eliminated variable was revaluated in a parsimonious multivariate model. Finally, variables with high correlations were probed by interchanging them in this model. Stata 14 software (https://www.stata.com) was used for all statistical analyses.
Results
Description of human leptospirosis cases
During the study period, 9,928 human leptospirosis cases were reported to SIVIGILA, with an annual incidence rate ranging from 1.1 (2016) to 5.4 (2011) cases per 100,000 inhabitants for the entire country (median = 1.7 cases). In total, 661 (58.9%) municipalities presented at least one case of human leptospirosis; of these, the median number of cases reported was 3, ranging from 1 to 704 cases. The municipality with the most cases in the study period was Cali (capital of Valle del Cauca) with 714 cases, followed by Barranquilla (capital of Atlántico) with 436 cases, San José del Guaviare (capital of Guaviare) with 422 cases, Turbo (Antioquia) with 384 cases and Pereira (capital of Risaralda) with 301 cases (Figure 1a) .
In general, most (86.6%) Colombian municipalities had a decadal incidence coefficient of < 35 decadal cases per 100,000 inhabitants. The municipalities with the highest values were Cairo (Valle del 
Environmental characteristics
The predominant climates in the municipalities are sub-humid and humid. The most frequent coverage was forest, heterogeneous agricultural areas and pastures. These were the most predominant in the Amazon (69.4%), Pacific (34.6%) and Caribbean (41.8%) regions, respectively. The Caribbean region presented the highest percentage of water bodies, with 5.4% of soil cover presenting this characteristic on average.
The region with the highest mean height was the Andean region, at 1,922 meters above sea level (m.a.s.l.), and the region with the lowest average height was the Caribbean region (388 m.a.s.l.). The Andean region presented the highest deforestation, with a 2.1% municipal average, and the lowest was observed in the Caribbean (1%). The highest average temperature was found in the Caribbean region (26.3ºC), and the lowest was in the Andean region (17.5ºC). The highest mean precipitation corresponded to the Amazon region, with 3,265mm.
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Socioeconomic variables
According to the DNP, territorial gaps are established as benchmarks against expected municipal performance within the national context. The municipalities of the study area were divided according to the typology of DNP gaps: 63.4% intermediate development, 28 .5% incipient development and 6.2% robust development. The number of municipalities with the highest development are 54 (8.2%) in the Andean region, 6 (3%) in the Caribbean region, 5 (2.8%) in the Pacific, and 5 (5.1%) in Orinoquia and Amazon regions. Of the 1,122 municipalities included in the study, 423 (37.7%) are recognized as small due to populations under 10,000 inhabitants and their generation of free destination municipal income being under 15,000 legal minimum wages.
Incidence hotspots
Four hotspots of high incidence were identified according the Getis-Ord Gi method. The first hotspot was in the Uraba region and included the municipalities of Carepa, Riosucio and Turbo. The second hotspot included six municipalities in the Choco, Risaralda and Valle departments. The third hotspot was found in the border zone between the departments of Meta, Guania and Guaviare and included eight municipalities. The last cluster included a single locality (El Encanto) in the Amazonia department ( Figure 2 ).
Environmental and socioeconomic determinants of human leptospirosis
Individually, the decadal incidence of human leptospirosis was associated with 32 of the 49 variables evaluated. Variables not associated with human leptospirosis incidence included temporary crops, coverage of aquatic zones in percentage, anthropic areas, masl rank and maximum masl, as well as deforestation, water bodies, flood areas, areas susceptible to flooding, aqueduct, population density, population growth, municipal income, internet penetration, economic disparity, kidnapping per 100,000 inhabitants and theft per 100,000 inhabitants.
Using a multivariate negative binomial regression model, the environmental variables of percentage of forest coverage, permanent crops and secondary vegetation were associated with an increase in human leptospirosis incidence. Conversely, the percentage of shrubs, arid and pluvial climate, minimum precipitation and minimum masl were related to lower human leptospirosis incidence in the studied municipalities. Regarding socioeconomic variables, homicides were associated with an increase in human leptospirosis incidence; on the other hand, education coverage, performance in standardized high school exams, qualitative housing deficit and the percentage of a non-urban population were related to a lower human leptospirosis incidence in the studied municipalities (Table 2) .
Discussion
The annual incidence of human leptospirosis in Colombia during the last decade ranged from 1.1 to 5.4 cases per 100,000 inhabitants. This result is similar to that calculated by Costa et al. 2 from passive surveillance systems and from epidemiological surveillance in Trinidad and Tobago (1.8 per 100,000 inhabitants) 27 . However, when compared to reports from other surveillance systems, this number is approximately ten times greater than that of Chile between 2003 and 2009 28 , but smaller than that of Malaysia between 2012 and 2013 (29.0 per 100,000) 29 .
Most previous studies have evaluated regional incidence of human leptospirosis at department scale in Colombia 15, 16, 30, 31, 32 , and to the best of our knowledge, our study is the first that demonstrates the existence of four hotspots of high human leptospirosis incidence at municipal level. At the regional level, our results are consistent with those observed by other authors, particularly in the Uraba region 33 .
Regarding the environmental determinants of human leptospirosis, different authors 34, 35, 36 have linked the occurrence of disease cases to precipitation. We also found this association between minimum rainfall and decadal incidence rate, but the association was positive in the univariate analysis and negative in the multivariate analysis. However, both arid and pluvial climates were negatively associated with decadal incidence. In the first case (arid climate) this suggests the importance of soil moisture for the persistence of the infectious agent 37, 38 . An extremely rainy climate (pluvial) was also associated with a low incidence of human leptospirosis in Colombia. This may be explained by excess of rainfall washing away the bacteria and increasing reservoir movement, as both actions could diminish the probability of Leptospira being present.
Height above sea level and decadal incidence rate showed a negative relationship. This could be associated with the mountainous topography of the country, mainly in the Andean and Pacific regions. A mountainous landscape is not favorable for floods, given the frequency of run-off processes. In comparison, a valley landscape is favorable for the formation of flood-susceptible zones where Leptospira can propagate during wet seasons 39 .
Moreover, other authors have shown a significant effect of the climate variation of precipitation on the occurrence of human leptospirosis cases 40, 41 , which, in Colombia, could be associated with the cold phase of the El Niño Southern Oscillation (ENSO) cycle. However, to formulate a hypothesis that facilitates an understanding of the relationship between ENSO and human leptospirosis, incorporating the magnitude of the local precipitation disturbance is required because within the same region and during the same ENSO phenomenon, there are areas that experience both positive and negative precipitation alterations 42 .
Our results showed a positive relationship between forest coverage and human leptospirosis incidence rate. This is consistent with the observations of other authors in the Uraba region, where areas with larger forest coverage may have a generally increased leptospiral contagion in peridomestic settings 43 . These authors hypothesized that vegetation-induced climate patterns mediate the forest cover-Leptospira association, which could be extended to related vegetation coverage such as permanent crops and secondary vegetation.
Socioeconomic factors determine the socioeconomic status of people in a society and serve as a measure of poverty and vulnerability that influence the population's health 44 . Likewise, socioeconomic status is an important determinant of the probability that individuals and populations will engage in risky behaviors or be exposed to environmental risk factors that directly and indirectly affect their health 44 .
Table 2
Environmental and socioeconomic determinants of the decadal municipality incidence of human leptospirosis. To the best of our knowledge, our study is the only that shows a positive relationship between homicides and human leptospirosis. Homicide rate is a variable that, in principle, does not seem to be related to the occurrence of human leptospirosis cases. However, homicide rate is a variable related to marginality and lack of opportunities, and we must consider that violence has deep and complex socioeconomic dimensions, thus explaining the significance of this variable in our analysis.
Variables
Coverage of education and performance in standardized high school exams are similar variables, both being negatively related to human leptospirosis occurrence. Similar results have been obtained with socioeconomic factors such as illiteracy, which characterizes socially vulnerable populations 34, 45, 46 . Overpopulation in urban areas has been associated with human leptospirosis outbreaks 47 , and in our data, a similar tendency was observed when human leptospirosis incidence decreased in municipalities where the percentage of the population living in non-urban areas was larger. However, in our data, a variable intuitively associated with poor hygiene standards, inadequate sanitation and poverty, such as a quantitative housing deficit, showed a negative association with human leptospirosis incidence and is contrary to observations by other authors 48, 49 .
The limitations of this study include underreporting of the disease despite the efforts made by Colombia's government health authorities. No studies on this limitation were found for Colombia, but studies have suggested that underreporting can be about 20 to 49 times the number of reported cases in other Latin American countries, or between 60% and 90% of the number of deaths by human leptospirosis 50, 51, 52 . Underreporting continues to be a crucial limiting factor for understanding the epidemiology of human leptospirosis and its associated determinants.
Additionally, our study faced the limitations of aggregating independent variables at municipal level rather than using individual units of analysis at the local transmission scale 53 . However, our results show some degree of consistency with studies performed on an individual scale of analysis, suggesting that within certain spatial limits, the aggregation of information can be a useful tool for the analysis of ecological determinants and yet remain consistent with what is observed at individual scale analyses. In this sense, Piantadosi et al. 54 have suggested that because multidimensional factors seem to contribute to the risk of contracting human leptospirosis, ecological studies be the best possible approach.
In conclusion, human leptospirosis is a disease described as endemic in many areas worldwide and has been recognized as a common infection related to multidimensional poverty. Our study is the first to cover the entire territory of Colombia, including 9,928 cases that occurred over the last decade. Four hotspots of human leptospirosis incidence were identified, including 18 municipalities. Our results highlight the importance of multiple environmental and socioeconomic determinants at the municipal level that are positively associated with the occurrence of human leptospirosis in Colombia. These include forest and similar vegetation coverage (permanent crops and secondary vegetation) and minimum rainfall, as well as socioeconomic determinants related to poverty, overpopulation and violence, as well as education, percentage of non-urban population and homicide rate, respectively.
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